Abstract
This report presents results of our investigation on parasitic loss control through surface modification in reciprocating engine. In order to achieve the objectives several experimental and corresponding analytical models were designed and developed to corroborate our results. Four different test rigs were designed and developed to simulate the contact between the piston ring and cylinder liner (PRCL) contact. The Reciprocating Piston Test Rig (RPTR) is a novel suspended liner test apparatus which can be used to accurately measure the friction force and side load at the piston-cylinder interface. A mixed lubrication model for the complete ring-pack and piston skirt was developed to correlate with the experimental measurements. Comparisons between the experimental and analytical results showed good agreement. The results revealed that in the reciprocating engines higher friction occur near TDC and BDC of the stroke due to the extremely low piston speed resulting in boundary lubrication. A Small Engine Dynamometer Test Rig was also designed and developed to enable testing of cylinder liner under motored and fired conditions. Results of this study provide a baseline from which to measure the effect of surface modifications. The Pin on Disk Test Rig (POD) was used in a flat-on-flat configuration to study the friction effect of CNC machining circular pockets and laser micro-dimples. The results show that large and shallow circular pockets resulted in significant friction reduction. Deep circular pockets did not provide much load support. The Reciprocating Liner Test Rig (RLTR) was designed to simplifying the contact at the PRCL interface. Accurate measurement of friction was obtained using 3-axis piezoelectric force transducer. Two fiber optic sensors were used to measure the film thickness precisely. The results show that the friction force is reduced through the use of modified surfaces. The Shear Driven Test Rig (SDTR) was designed to simulate the mechanism of the piston ring pass through the liner. Micro PIV system was provided to observing the flow of lubricant in the cavity (pocket). The Vorticity-Stream Function Code was developed to simulate the incompressible fluid flow in the rectangular cavity. 
The Reciprocating Piston Test Rig (RPTR)
A model of the Reciprocating Piston Test Rig (RPTR) is shown in Fig. 1 . This floating liner type test rig utilizes the crankshaft, piston, and cylinder block from a single-cylinder, 10hp engine. The 318 cc engine has a cylinder bore of 7.94 cm (3.125 inches) and a stroke of 6.43 cm (2.53 inches). A custom fixture was built to maintain accurate geometric locations for the engine components. A 2.2 kW (3hp) variable speed DC motor, located under the fixture table, drives the crankshaft through a set of pulleys. The toothed pulleys provide a speed reduction of 14:3, and the pulley connected to the crankshaft also acts as a flywheel to help reduce vibrations. A digital encoder, located on the opposite end of the crankshaft, records the angular position of the crankshaft and can be used to determine piston location. A section of the cylinder block, containing the cylinder liner, is suspended from the rigid fixture above the crankshaft by two piezoelectric force sensors. The arrangement of the force sensors allows for the simultaneous measurement of piston position and friction forces in both the axial and thrust directions. The signals from the two Kistler 3-axis force transducers are amplified and then recorded along with the digital encoder signal through a National Instruments data acquisition board and software.
The Reciprocating Piston Test Rig
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Result
Force Transducer
Digital Encoder
A Small Engine Dynamometer Test Rig
A bench scale dynamometer and the corresponding data acquisition system with measurement and control software were developed and built. The test rig has a capacity of motoring and braking at 10 hp with a maximum continuous torque of 39 Nm and a maximum speed of 5400 rpm. It is equipped with a torque sensor capable of measuring an average torque of up to 56.5 Nm and handling torque spikes of up to 226 Nm. A pressure sensor and an angular encoder with a maximum resolution of 0.09º are available for combustion pressure indication. For motored experiments the testing is operated and controlled automatically by the program developed using the LabView software. For fired tests a closed loop BMEP control with a servo throttle is available.
Purpose
Measure friction changes in fully assembled, motored and fired engines up to 10 hp
Result
Friction changes of unmodified 11 hp Tecumseh OH-318EA engines are determined by comparison of the difference between indicated mean effective pressure and brake mean effective pressure
Pin on Disk Test Rig (POD)
Rotation of the disk sample is controlled by a DC servo motor and a set of speed reducing pulleys located beneath the fixture table. The pin is held vertically by a balanced arm. A load cell is used to measure the friction force. Normal force is applied by placing weights on the platform above the pin. A stationary proximity sensor, located on the fixture table, was directed toward a rotating steel target which was mounted to the bottom of the platen. The signal from the proxy sensor served as an index for the position of the specimen and was used to trigger the data acquisition system at the beginning of each revolution. Data was acquired using a National Instruments board and a custom LabVIEW virtual instrument.
Pin on Disk Test Rig
Purpose
Measure friction of flat-on-flat contact condition with surface modifications included large, conventionally machined circular pockets and laser machined micro-dimples Result Indicate that significant friction force reductions can be achieved through the use of modified surfaces
Reciprocating Liner Test Rig (RLTR)
The RLTR simplifies the situation by neglecting piston secondary motion, thrust loads, multiple ring interactions, and the effects of combustion temperature and pressure. In the RLTR, a segment of a single piston ring is held stationary while a 60 degree section of a cylinder liner is reciprocated beneath it. Liner motion is provided by a slider crank mechanism with connecting rod and crank lengths comparable to those found in actual engines.
Reciprocating Liner Test Rig Purpose
Measure the friction at the interface with simplifying the situation by neglecting piston secondary motion, thrust loads, multiple ring interactions, and the effects of combustion temperature and pressure
Result
Demonstrate the friction force is reduced through the use of modified surfaces
Shear Driven Test Rig (SDTR)
SDTR includes: i) a 0.23N-m 1.8° stepper motor with an integrated controller, ii) a micropositioning table and iii) a stainless steel flat belt. The stepper motor used has a step resolution of 1/256, this allows 0.007° of rotation of motor output shaft for each step. This step resolution is necessary in order to be able to video the fluid flow out of microcavities at extremely low speeds. The micro-positioning table has a maximum travel distance of 6.4mm, and a resolution of 1 m. The stainless steel belt is 12.7mm wide, 0.0762mm thick and 280mm in circumference. There are three 20 mm diameter pulleys which guide the belt over the microcavity specimen. One of the pulleys is powered by the stepper motor and the other two are free rolling. Four posts are used to support and install the SDTR to the microscope table. Due to the limited space available on the microscope table, the SDTR is only 45mm wide, 84mm long and 84mm high.
Shear Driven Test Rig Purpose
Simulate the contact between the piston ring and microcavity at low speed
Result
Obtain the evidence of the fluid flows out the cavity
Analytical Model
Modeling of Lubrication Regime Transitions at the Piston Ring/ Cylinder Liner Interface
The model is developed to investigate the lubrication condition between a piston ring and cylinder liner. It is assumed that the contact operates under fully flooded conditions throughout the stroke and the mode of cavitation is closed form (Sawicki and Yu, 2000).
Modeling of Full Ring Pack Friction
The model is developed to examine the lubrication condition and frictional losses at the piston and cylinder interface considering the complete ring-pack. Results are correlated with an experimental apparatus that utilizes components from a single cylinder, ten horsepower engine in a novel suspended liner arrangement. The test rig has been specifically designed to reduce the number of operating variables while maintaining real components and geometry. The results demonstrate the effects of speed and viscosity on the overall friction losses at the piston and cylinder liner interface.
Modeling of Shear Driven Cavity Flow
The model is developed to demonstrate the fluid mechanism of shear driven cavity flow. In order to solve the shear driven cavity flow with incompressible equations we used VorticityStream Function (VSF) approach. The code we developed can be applied to simulate a twodimensional rectangular cavity flow with the Reynolds number below 1000. For proving the accuracy of the analytical result, the computational fluid dynamic software COMSOL Multiphysics was applied to simulate the same model. The results are in good agreement.
.... CONCLUSION
Through the experimental and analytical investigations, we have concluded that surface modification on the cylinder liner can reduce the friction and enhance the lubrication efficiently. From the experiments on the POD test rig, we concluded that large dimples machined by CNC and laser micro-dimples produced considerable friction reductions, as shown in Fig. 1 and Fig. 2 . From the experiments on RLTR, the friction force was reduced in the modified region when recast rims were present (with burrs), as shown in Fig. 3 . However, the effects of surface modification which were investigated by RPTR and the small engine dynamometer test rig are not clear. The reason is the difficulty of isolating the factors which would affect the friction in the test. Further modification of RPTR and the small engine dynamometer test rig are required to investigate the effect of surface modification. The evidence of the fluid flows out the cavity is obtained using micro-PIV system, as shown in Fig. 4 . 
